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Abstract. Serological data accumulated during the past decade indicated that a variety of

feral and domestic animals of the Delaware-Maryland-Virginia (DelMarVa) Peninsula were
infected with Jamestown Canyon (JC) and/or Keystone (KEY) viruses (Bunyaviridae, Cali-
fornia serogroup). Neutralizing (N) antibody to JC virus was most prevalent in white-tailed
deer, sika deer, cottontail rabbits and horses. KEY virus N antibody was detected most
frequently in gray squirrels and domestic goats. N antibody indicative of past infection by
one or both viruses also was found in raccoons, horses and humans. JC and/or KEY virus
N antibodies were not demonstrable in sera of several other species of small mammals and
reptiles. Investigations were extended to evaluate the role of domestic goats as an amplifying
host of JC and KEY viruses and to assess their potential as sentinels of virus transmission.
Goats maintained in the Pocomoke Cypress Swamp during the summer season of 1978,
acquired N antibodies to JC and KEY viruses. Following experimental inoculation with either
JC or KEY virus, all goats developed N antibody despite the absence of a demonstrable
viremia in most animals. Goats proved to be effective as sentinels for monitoring the trans-
mission of JC and KEY viruses; however, the exceptionally low titers or absence of viremia
following inoculation with these viruses would seem to preclude a potential virus-amplifying
role for this species. Although findings implicated primarily gray squirrels and white-tailed
deer as possible amplifying hosts of KEY and JC virus, respectively, further investigations
will be required to clarify their role, particularly since both viruses may be maintained entirely
by transovarial transmission.

Keystone (KEY) and Jamestown Canyon (JC) implicated a variety of small mammal(s) as poten-
viruses (Bunyaviridae, California serogroup) oc- tial amplifying hosts of KEY virus, while sero-
cur in scattered enzootic foci on the Delaware- surveys suggest white-tailed deer to be the pre-
Maryland-Virginia (DelMarVa) Peninsula.1- 5  dominant host for JC virus." The relative
Transovarial transmission of KEY virus has been involvement of other feral animals, as well as the
demonstrated in Aedes atlanticus," and field-col- possible role of domestic animals, has not been
lected Aedes canadensis have yielded isolates of resolved. Transmission of these viruses to verte-

JC virus.I Studies conducted on the ecology of brates and the potential for subsequent virus am-
these viruses on the DelMarVa Peninsula have plification become important parameters in un-

derstanding the ecology and epidemiology of
Accepted 3 March 1982. viruses that are presumably transovarially main-

tained.' This study addresses the latter parame-
* In conducting the research described in this report, ters in regard to virus ecology, and assesses the

the investigators adhered to the "Guide for the Care and practical use of domestic goats as sentinels to de-
Use of Laboratory Animals," as promulgated by the tect transmission of KEY and JC viruses.
Committee on Care and Use of Laboratory Animals of
the Institute of Laboratory Animal Resources, National

>& Research Council. The facilities are fully accredited by MATERIALS AND METHODS

the American Association for Accreditation of Labora-
_ tory Animal Care. Serum collections5 The views of the authors do not purport to reflect the

positions of the Department of the Army or the Depart- Human serum specimens were obtained from
ment of Defense. s

LA.J Address correspondence to: Dr. D. M. Watts, U.S. serum storage files maintained at the Walter Reed
Army Medical Research Institute of Infectious Diseases, Army Institute of Research. Specimens tested were !
Fort Detrick, Frederick, Maryland 21701. from persons previously ass"iated with field in-
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vestigations in the Pocomoke Cypress Swamp were subsequently overlaid with 5 ml of Difco
(PCS) of the DelMarVa Peninsula. Small verte- purified agar (1%) and Medium 199 supple-

brates were captured at the PCS and at Assa- mented with FCS (10%), DEAE dextran (0.005%),
teague Island, Va. Detailed descriptions of these and vitamins and essential amino acids at one-half
areas were reported previously.' , Sera were ob- the concentration recommended by Grand island
tained by cardiac puncture from small feral ani- Biological Co., Grand Island, N. Y. Following
mals, and domestic animals were bled by jugular incubation at 35°C for 3 days, a second agar over-
venipuncture. Except for white-tailed deer, all an- lay, containing an equal volume of Difco purified
imals were live-trapped, age and sex was record- agar (1%) and medium 199 supplemented with
ed, and they were released at the capture site. Sex FCS (2%) and neutral red (0.004%), was added.
and age determinations for gray squirrels were Plaques were counted within 24 hours after the
based on methods of Brown and Veager.9 All deer second agar overlay.
sera were obtained at hunter check stations within Animal sera were screened at a 1:10 dilution for
a 50-ki radius of the PCS on the mainland and antibody by PRN tests. Each diluted serum was
at Assateague Island during November and De- mixed with a virus dilution previously determined
cember. Age estimates of deer were based or, the to yield 50-100 plaque-forming units (pfu). Se-
presence or absence of permanent incisors and ca- rum-virus mixtures were incubated for 1 hour at
nine teeth, as well as tooth eruptions and wear. "' room temperature and then inoculated onto BHK-

21 cell cultures, 0.2 ml per culture. Subsequently,

Sentinel goat experiments agar overlays were added to cell cultures and
plaques were recorded as described above. A re-

Locally purchased seronegative domestic goats duction of 50% or more of the virus pfu by 1:10
were kept in Magoon traps at five separate loca- dilution of each serum was used as the criterion
tions in the PCS. All goats were bled at weekly for virus N antibody. Samples of sera from se-

intervals during the summer of 1978, and sera lected vertebrate species which neutralized both

were tested for KEY and JC virus neutralizing the JC and KEY virus pfu by 50% or more were
(N) antibodies by plaque reduction neutralization diluted further and tested to determine 50% plaque

(PRN) tests. reduction neutralization titers (PRN.,,). Titers were

Experimental infection of goats with KEY or estimated from a graphic plot on probit paper and
JC virus was done in Magoon traps during the expressed as the reciprocal of the PRN,,, serum
months of December and January, when mosqui- dilution. N antibody was considered specific for a
toes were not active in this area. As an added particular virus, if titers were fourfold higher than
precaution, traps were screened and sealed to pre- heterologous virus titers. This criterion was based
dude the entrance of arthropods. Goats were bled on the immune response of white-tailed deer ' and

by venipuncture on days 1-7 postinoculation and domestic goats following experimental KEY and
at various time intervals thereafter. JC virus infection.

Blood specimens for both N antibody and vi- Keystone and JC viruses were originally iso-
remia determinations were placed on wet ice for lated from mosquitoes as previously described.'
the approximately 2 hours required for transport La Crosse (LAC) virus, not previously observed
to the laboratory prior to centrifugation and freez- on the DelMarVa Peninsula, was obtained from
ing at -70°C. Dr. Wayne Thompson, University of Wisconsin,

Madison." This virus had received five intracer-
Virus assay and neutralization tests ebral passages in suckling mice.

Reference antisera were prepared to KEY, JC

Baby hamster kidney cells (BHK-2 1) clone 15'  and LAC viruses by the methods of Brandt et al.'1
were used for all assays. Cells were propagated in as modified by Chiewslip and McCown.'
Eagle's Basal Medium-Hanks' Salts (BME-H)

* supplemented with 10% heated fetal calf serum RESULTS

(FCS), and penicillin (200 units) and streptomycin
(200 Ag/ml). Virus isolations and titrations were A summary of the prevalence and distribution

performed by incubating mosquito suspensions, of KEY and JC virus N antibody among verte-
animal blood dilutions and confluent monolayers brates and reptiles is presented in Table 1. Evi-
of BHK cells for 1 hour at 35°C. Cell monolayers dence based on screening sera at a 1:10 dilution
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TABLE I

Keystone (KEY) and Jamestown Canyon (JC) virus neutralizing (N) antibody prevalence rates for feral and domestic
animals, DelMarVa Peninsula, 1973-1980

No. with N antibod.

No. Both ' N
Species Location tested KEY JC KEY'JC antibody

White-tailed deer (Odocoileus virginianus) Mainland 392 30 66 189 75
White-tailed deer Island 11 0 6 0 55
Sika deer (Cerus nippon) Island 47 0 16 5 45
Gray squirrel (Sciurus carolinensis) Mainland 275 68 0 61 47
Cottontail rabbit (Sylvilagusfloridanus) Island 21 2 8 0 48
Raccoon (Procyon lotor) Mainland 105 12 NT* NT 11
Opossum (Didelphis marsupialis) Mainland 32 0 NT NT 0
Red fox (Vulpesfulva) Mainland 2 0 NT NT 0
Rice rat (Oryzomys palustris) Island 5 0 NT NT 0
Norway rat (Rattus norvegicus) Island 11 0 NT NT 0
Deer Mouse (Peromyscus maniculatus) Mainland 110 0 NT NT 0
Meadow mouse (Zapus hudsonius) Mainland 15 0 NT NT 0
Reptilest Mainland 227 0 0 0 0
Domestic goats Mainland 16 6 0 2 50
Horses Island 16 0 3 3 38
Humans Mainland 25 2 3 1 24

Not tested-
Included 101 painted turtles (Chrysemys picia), 42 snapping turtles tChelydra serpentina). 34 mud turtles tKinostemon subrubnum). 25 box turtles

(Terrapene carolina, 3 spotted turtles (Clemmys guttala), 16 unidentified snakes.

revealed that JC virus N antibody was detected ruses are presented in Table 2. Results indicated
most frequently in sika deer, white-tailed deer, that 62 of the white-tailed deer exhibited JC virus
cottontail rabbits and horses. KEY virus N anti- antibody, four KEY virus antibody, and six yield-
body was most prevalent in gray squirrels and ed comparable PRN, titers to both viruses. PRN.,,
domestic goats. KEY virus N antibodies were de- titers for three sika deer sera were indicative of
tected in sera of raccoons, but not in sera of other JC infection. KEY virus antibody alone was de-
species of small mammals and reptiles. Likewise, tected in 10 gray squirrel sera, which was consis-
human sera were negative for LAC virus N an- tent with screening results presented in Table 1.
tibody. Except for cottontail rabbits and white- Equivocal antibody titers for three horses, two

tailed deer from Assateague Island, N antibody goats and one human serum suggested past infec-
suggestive of a dual infection by both viruses was tion with both KEY and JC viruses.
detected in all antibody-positive species tested Annual prevalence rates of KEY and JC virus
against both viruses. PRNso titers for a sample of N antibodies for white-tailed deer remained fairly
these sera that neutralized both KEY and JC vi- constant from year to year (Table 3). In contrast,

TABLE 2

Specificity of viral neutralizing antibody to Jamestown Canyon (JC) and Keystone (KEY) viruses detected in
vertebrate sera

Geometric mean reciprocal PRN. titer (range)
: Antibody

species No. of sera speficity ic KEY

White-tailed deer 62 JC 199 (40-640) 32 (10-160)* 1 4 KEY 25 (15-40) 212 (160-320)
6 Both 56 (40-80) S7 (30-80)

Sika deer 3 JC 211 (160-330) 18 (10-60)

Gray squirrels 10 KEY 37 (10-130) 308 (40-1,280)
Domestic goats 2 Both 89 (40-200) 113 (80-160)
Horses 3 Both 120 (90--160) 91 (40-160)

Humans I Both 230 450____ L
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TABLE 3 ,< . OFE-AE6

Keystone (KEY) and Jamestown Canyon (JC) virus neu- . 6

tralizing (N ) antibody prevalence rates for white-tailed
deer, DelMarVa Peninsula

No. with N antibody 
6 0

No. Both %Year tested KEY 3C KEY/JC antibody

1973 121 9 36 47 76 4

1974 61 0 7 33 66 -
1977 200 21 25 106 76 0

1978 11 0 4 3 64

Total 393 74 I i24__-____ __ .

AGE .M'-%

FIGURE 1. Jamestown Canyon and Keystone virus
age-specific neutralizing (N) antibody prevalence rates

KEY virus antibody rates in gray squirrels de- for white-tailed deer, DelMarVa Peninsula, 1974, 1977
clined from 66% (58/66) for 1975 to 49% (40/82), and 1978.
42% (27/64) and 10% (4/41) for 1976, 1977 and
1978, respectively.

Overall sex-specific JC and KEY virus N an-
tibody prevalence rates for white-tailed deer were tion and transmission were studied by determin-
72% (90/125) for males and 68% (58/85) for fe- ing the viremia and immune response of goats fol-
males. In contrast, the N antibody age-specific lowing intravenous inoculation with JC and KEY
rates varied from approximately 40% for deer 12 viruses. A viremia was not demonstrable in any
months of age or less to rates approaching 100% of six goats inoculated with I ml of 9.3 x 104.41
for deer 36 months old and older (Fig. 1). Age- pfu/ml of KEY virus nor in any of five goats in-

and sex-specific N antibody rates for sika deer oculated with 1 ml of 1 x 10"" pfu/ml of JC virus.
were similar to those noted for white-tailed deer. Less than 1 x 10 ." pfu/ml, however, were de-
No apparent difference was noted in sex-specific tected in blood samples obtained from two of six
N antibody prevalence rates for gray squirrels as goats inoculated with 2.9 x 10." pfu/ml of JC vi-
indicated by a 48% (86/169) rate for males and a rus.

47% (42/90) rate for females. The age-specific rates All goats developed either JC or KEY virus N
for squirrels was 25% (8/32) for juveniles and 51% antibody (Table 4). Maximum antibody titers were
(116/227) for adults. noted between days 10 and 20 postinoculation (P.1.)

Serological evidence of KEY and possibly JC for most goats. Subsequently, titers declined, but
virus infections in goats was suggestive of a virus most animals possessed N antibody through day
amplifying role for these animals. In addition, the 90. N antibody titers for goats inoculated with the
data implied that goats would serve effectively as high dose of JC virus were greater than those in-
indicators of virus transmission. Virus amplifica- duced by the low dose. The difference was sig-

TABLE 4

Keystone (KEY) and Jamestown Canyon (JC) virus neutralizing (N) antibody response of experimentally infected
goats/'

Reciprocal PRN. titer by day P 1.

Inoculum N antibody 10 20 30 45 60 90

JC virus JC 1,700* 800 - 500 300 300 200
(2.9 x 104 PFUIml) KEY 90 40 30 15 15 15

JC virus JC 100 500 300 100 200 100
(I x 102 PFU/ml) KEY 15 100 40 30 20 15

KEY virus KEY 100 200 90 70 60 40
(9.3 x 104 PFU/ml) JC <10 10 <10 <10 <10 <10

Plaque reduction neutralization titer 50% endpoint based on mean titers of 4-6 individual goats

•~ ' .
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nificant only for titers on day 10 P.I. (P < 0.001) not surprising as previous findings showed Ae.

compared to those for days 20 and 30 (P > 0.1). atlanticus, the primary vector of KEY virus, to
During the summer of 1978, 6- to 8-month old feed more frequently on this animal than several

goats were maintained in Magoon traps to moni- other vertebrates of the DelMarVa mainland. '

tor transmission of KEY and JC viruses in the Experimental studies also have demonstrated that

PCS. Although mosquito abundance was ex- this animal developed antibody following inocu-
tremely low, one goat acquired N antibody to JC lation with KEY virus.5 Studies conducted in
virus during early July, while three other goats Wisconsin revealed that white-tailed deer were in-

seroconverted to KEY virus during late August fected with JC and LAC viruses,14 but the ma-
and early September. Ae. canadensis and Culex jority of deer were infected with only JC virus.
salinarius were the predominant mosquito species Evidence of JC virus infection alone was found
collected inside the Magoon traps in which the in sika deer and white-tailed deer on Assateague
goats acquired JC virus N antibody. Attempts to Island. Unlike the wide geographical distribution
isolate virus from 3,148 females of these two mos- of white-tailed deer, the distribution of sika deer
quito species collected during a 1-month period on the DelMarVa Peninsula is restricted to Assa-
immediately before the goats seroconverted were teague Island. The failure to detect evidence of
unsuccessful. KEY virus seroconversions coincid- KEY virus infection in either white-tailed deer or
ed closely with the emergence of a very low num- sika deer on Assateague Island suggests that the
ber of Ae. atlanticus; but, 93 females of this species vector of this virus on the island differs from that

captured during a 1-month period prior to the ac- on the DelMarVa Peninsula mainland. Recently
quisition of N antibody by goats were negative for Ae. atlanticus was found to breed on Assateague
virus. Island (unpublished data); however, the popula-

tion density appeared to be exceptionally low as

DISCUSSION indicated by 30 adults captured in light traps
throughout the 1978 summer season. During the

On the basis of the serological data, several same period, serological evidence of KEY virus
species of feral and domestic animals of the infection was detected in sentinel hamsters, and
DelMarVa Peninsula were previously infected by KEY virus was isolated from female Aedes infir-
JC and/or KEY viruses. N antibody prevalence matus and not from several other mosquito species,A ~ rates indicated that gray squirrels and domestic including the 30 Ae. atlanticus. The KEY virus
goats were infected most frequently with KEY minimum field isolation ratio for Ae. infirmatus
virus, while JC virus infections were most com- was 1:6,308, which was not considered indicative
mon in white-tailed deer, sika deer, cottontail rab- of an important vector role. In addition, gray

bits and horses. Although type-specific JC virus squirrels, a potential amplifying host of KEY vi-
N antibody was not found in gray squirrels, serum rus on the mainland, were not found on Assa-
from individual squirrels frequently neutralized teague Island. Experimental findings, ' and limit-
both JC and KEY viruses. Apparently, this re- ed data from this study, suggested that cottontail
flected an immune response to KEY virus anti- rabbits occupied this role; however, further in-
gen(s) common to JC virus, because a sample of vestigations are needed to clarify its importance
these sera exhibited PRN,, titers consistently higher in the natural transmission cycle of KEY virus.
for KEY than JC virus, thus suggesting that gray Among the species of feral vertebrates harbor-
squirrels were infected with only KEY virus. In ing JC virus N antibody, only white-tailed deer
contrast, type-specific KEY and JC virus N an- were previously implicated as an important host
tibodies were demonstrated in sera of white-tailed of this virus. "" Our data, and experimental
deer of the DelMarVa Peninsula. Also, as ob- demonstration of a JC virus viremia in white-tailed
served for gray squirrels, sera of individual white- deer, 5 support the role of the species as a potential
tailed deer neutralized both JC and KEY viruses, amplifying host of this virus. Sika deer, and cot-
Evidence based on PRN.,, titers indicated that the tontail rabbits from Assateague Island also expe-
majority of these deer were previously infected rienced JC virus infections, but further studies will
with JC virus and that the remainder reflected be required to assess the importance of these ad-
infection by one or the other virus alone, and/or ditional species in the natural cycle of JC virus.
suggested dual infections. Evidence of both JC Small mammals have not previously been impli-
and KEY virus infections in white-tailed deer was cated in the transmission cycle of JC virus.

. &5
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In the south and southeastern U.S., cotton rats KEY virus in Florida2" and JC virus in Wiscon-
and cottontail rabbits were implicated as the prin- sin. ' LAC virus N antibodies were not detected
cipal amplifying hosts of KEY. 7 Our findings in- in humans, coinciding with previous attempts to
dicated that gray squirrels were frequently infect- detect this virus in mosquitoes and vertebrates of
ed with this virus on the mainland of the DelMarVa the DelMarVa Peninsula.
Peninsula. In addition, previous experimental data Jamestown Canyon and KEY virus N antibod-
showed this species to develop a viremia of suf- ies were detected in goats, but viremia was de-
ficient magnitude to infect Ae. atlanticus, the pri- monstrable only at trace titers in two animals in-
mary vector of KEY virus.5 Experimental data oculated with JC virus. Similar results were
showed that cottontail rabbits develop a viremia reported for other domestic animals, including
following inoculation with KEY virus,5 but at- horses following experimental KEY and JC virus
tempts to capture this species on the mainland infection.2 2 These findings implied that domestic
during sero-survey studies have not been success- animals were "dead-end" hosts for these viruses,
ful. Cotton rats do not occur in this region.' 8  and also demonstrated their utility for monitoring

Although white-tailed deer were infected with KEY and JC virus transmission.
KEY virus, the low N antibody prevalence rate, Although most goats inoculated with KEY and
and the failure of these deer to develop viremia JC virus did not have demonstrable viremia in-
after inoculation with KEY virus,5 precludes a fection did occur, as evidenced by the appearance
potential amplifying role for this species. of virus-specific N antibody. This feature, and the

The extent of KEY virus infection in gray rapid and sustained immune response to low doses
squirrels varied, as indicated by the annual N an- of JC and KEY viruses, are desirable character-
tibody prevalence rate of 66% for 1975 compared istics for using goats to monitor virus transmis-
to a 10% rate for squirrels captured during 1978. sion, especially JC virus. Except for white-tailed
The high N antibody prevalence rates noted dur- deer,23 other vertebrates have not been effective
ing 1975 were closely associated with the excep- or considered feasible for use as indicators of
tionally high population density of Ae. atlanticus transmission of JC virus. Goats were easily main-
(unpublished data). Subsequently, during 1976- tamined and bled, and seroconversions to JC and
1978, the population density of this species was KEY viruses during 1978 indicated that this an-
very low, thus, suggesting that the decline in N imal would serve effectively in monitoring the
antibody prevalence rates was due to a decrease transmission of these viruses.
in abundance of Ae. atlanticus. Although evidence of JC and KEY virus infec-

Neutralization antibody prevalence rates for tion was detected in several vertebrate species,
KEY virus were appreciably lower in both juve- our observations do not directly implicate any ver-
nile white-tailed deer and gray squirrels than in tebrate(s) as amplifying host. Since KEY,2 and
the adults of these species. An explanation for the most likely JC virus, 24 can be transovarially trans-
lower KEY virus antibody rates in squirrels will mitted in nature, it is possible that virus mainte-
require further studies. A similar observation was nance relies entirely on this mechanism. Experi-
noted for JC virus antibody rates in white-tailed mental studies with another California group vi-
deer of Wisconsin and North Dakota. "- " Studies rus in which filial infection rates approached
conducted in Wisconsin attributed the lower rates 100% 25 support this hypothesis; a model generated
to maternal N antibody which were shown to ren- for KEY virus transmission" inferred that an am-
der offspring refractory to JC virus infection dur- plifying host or hosts5 is required for virus main-
ing the first summer season after birth."* tenance. On the basis of the limited data, gray

Antibodies suggestive of KEY virus infections squirrels and white-tailed deer appear to be the
were detected in a low percentage of raccoon sera. most likely amplifying hosts of KEY and JC vi-
These findings, and the absence of demonstrable ruses, respectively, if, in fact, any vertebrate
N antibody in other small mammals and reptiles species is required.

" studied, suggested that they were not involved in

the transmission cycle of this virus. ACKNOWLDMENTS
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